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Cell movement is a complex phenomenon primarily driven by the actin network beneath the cell membrane, 
and can be divided into three general components: protrusion of the leading edge of the cell, adhesion of the 
leading edge and deadhesion at the cell body and rear, and cytoskeletal contraction to pull the cell forward. 
Each of these steps is driven by physical forces generated by unique segments of the cytoskeleton. This review 
examines the specific physics underlying these phases of cell movement and the origins of the forces that drive 
locomotion. 
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1.  Introduction 
Cell movement or motility is a highly dynamic 
phenomenon that is essential to a variety of biological 
processes such as the development of an organism 
(morphogenesis), wound healing, cancer metastasis 
and immune response. For example, during morpho-
genesis there is a targeted movement of dividing cells 
to specific sites to form tissues and organs. For wound 
healing to occur, cells such as neutrophils (white 
blood cells) and macrophages (cells that ingest bacte-
ria) move to the wound site to kill the microorganisms 
that cause infection, and fibroblasts (connective tissue 
cells) move there to remodel damaged structures [1]. 
In all these examples, cells reach their target by 
crawling. There are also other kinds of motility, such 
as the swimming of most sperm cells, and the move-
ment of some bacteria by the rotation of flagellar mo-
tors [1]. Cell crawling, however, is the common 
mechanism employed by most motile eukaryotic ani-
mal cells [1], and is the focus of this review. 
Although cell movement was observed as early 
as 1675 when van Leeuwenhoek saw cells crawl across 
his microscope slide, the molecular mechanisms be-
hind cell movement have become a scientific focus 
only in the past few decades. Advances in fluores-
cence microscopy, molecular biology and biochemis-
try have enabled the discovery of the processes un-
derlying motility and the identification of the major 
proteins behind these processes. These experimental 
techniques alone, however, cannot adequately explain 
whether these proteins are capable of generating the 
required forces for motility nor the physical mecha-
nisms employed. A significant advance in this direc-
tion was made when biophysical studies helped iden-
tify regions where different force generating proteins 
are located, measured (in vitro) the exact forces gener-
ated by some of these proteins [2-6], and measured (in 
vivo) the forces associated with movement [7-9]. 
Theoretical studies and computational modeling have 
complemented the experimental work and have 
helped quantify how the proposed mechanisms and 
the forces generated at a molecular level are integrated 
to produce whole cell movement. This review de-
scribes the present state of knowledge gained from 
these experimental and theoretical studies on cell 
movement, with an emphasis on the physical basis of 
the forces that govern the crawling of single cells. It 
also references several websites with animations and 
movies, given in footnotes, to clarify the processes de-
scribed. 
As a cell moves on a substrate (the extracellular 
matrix if the cell moves inside an organism or a cover 
slide if it moves outside an organism), it experiences 
external forces, which include the viscous force or re-
sistance from the surrounding medium and 
cell-substrate interaction forces, and internal forces 
that are generated by the cytoskeleton. In most animal 
cells, the cytoskeleton is the essential component in 
creating these motility-driving forces, and in coordi-
nating the entire process of movement. The cytoskele-
ton is a polymer network, composed of three distinct 
biopolymer1 types: actin, microtubules and interme-
diate filaments. These biopolymers are differentiated 
principally by their rigidity, which can be described 
by the persistence length Lp. The persistence length is 
defined as the distance over which the filament is bent 
by thermal forces, and increases with increasing stiff-
ness [10].   
Actin filaments (AFs) are semiflexible polymers 
with Lp ~17 µm [11]. They are ~7 nm in diameter, are 
built from dimer pairs of globular actin monomers, 
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and are functionally polar in nature [1,12]. This means 
that they have two distinct ends: a fast and a slow 
growing end (called the plus end and minus end re-
spectively) [1,12]. The minus end has a critical actin 
monomer concentration that is ~6 times higher than 
that at the plus end (~0.6 μM and ~0.1 μM at the mi-
nus and plus end respectively). When the end of an 
AF is exposed to a concentration of monomeric actin 
that is above its critical concentration, the filament end 
binds monomers and grows by polymerization. Con-
versely, when the concentration is below the critical 
concentration, monomers detach from the filament 
end, and the filament shrinks by depolymerization. 
Simply by having these two different critical actin 
concentrations at the opposing ends of the filament, 
AFs can grow asymmetrically, and when the actin 
monomer concentration lies between the two values, 
only the plus end grows while the minus end shrinks. 
This process, where the length of the filament stays 
roughly constant and the polymerized monomers 
within the AF transfer momentum forward due to 
asymmetric plus end polymerization, is known as 
treadmilling; it is a critical aspect of how polymerizing 
AFs can generate force. Microtubules (MTs) are the 
stiffest of the biopolymers, with Lp ranging from 100 to 
5000 µm depending on the filament length [13]. MTs 
are rod-like polymers, with an outer diameter of ~25 
nm. Tubulin protein subunits assemble into proto-
filaments, and typically 13 of these protofilaments 
then align to form a hollow tube, imbuing MTs with 
their incredible rigidity. MTs exhibit similar dynamics 
to those of actin: they are functionally polar, treadmill, 
and can impart a force through polymerization [14]. 
Intermediate filaments (IFs) are much more flexible 
than AFs and MTs (Lp~0.3-1.0 µm). They range in di-
ameter from 8 to12 nm, between that of AFs and MTs. 
There are different classes of IFs such as vimetin, des-
min, keratin, lamin and neurofilaments, with different 
cell types having different IFs. Unlike AFs or MTs, IFs 
are not polarized, do not treadmill, do not generally 
depolymerize under physiological conditions once 
polymerized [15], and are therefore considered to be 
more static in nature than AFs and MTs.   
These three kinds of biopolymers build an inter-
nal cellular scaffold, known as the cytoskeleton − an 
organized and coherent structure that is formed by 
connecting these filaments via entanglements, and 
also crosslinking, bundling, binding, motor and other 
proteins. These cytoskeletal assemblies then work to-
gether as a composite, dynamic material in cell func-
tions such as structural integrity, shape, division, and 
organelle transport and cell motility. With respect to 
motility, although the other polymer assemblies in the 
cell also aid in coordinating movement and powering 
translocation, the actin cytoskeleton is regarded as the 
essential engine that drives cell protrusion [16, 17], the 
first step of movement. It is also integral to achieving 
the two other steps of movement: adhesion of the 
leading edge and deadhesion at the cell body and rear, 
and translocation of the bulk of the cell. The actin cy-
toskeleton is highly dynamic and the actin structures 
in the cell can be readily reorganized by the cell to 
adapt their behavior for movement according to the 
surrounding environment. The constant restructuring 
of the actin cytoskeleton and the transition from one 
actin structure to another is vital in enabling the cell to 
change its elastic properties rapidly, and this dynamic 
response is fundamental for movement. 
AFs in vivo can assemble into different structures 
such as networks and bundles. Mesh-like actin net-
works consisting of short crosslinked AFs are primar-
ily found at the leading edge of cells [9]. The growth 
of these meshworks i.e. the continuous creation of 
new actin network at the leading edge is considered to 
be essential for pushing the cell forward. This network 
formation is carried out with the help of numerous 
accessory proteins [18]. Activating proteins (e.g. 
WASp) enable nucleator proteins (e.g. arp2/3 complex) 
to initiate the polymerization and assembly of new 
actin filaments. Actin depolymerization promoting 
proteins (e.g. cofilin) can also aid network growth. 
Cofilin (also known as Actin Depolymerizing Factor 
ADF) severs actin filaments and creates new plus ends 
for the growth of new actin filaments. Actin binding 
proteins (e.g. profilin, thymosineβ-4) maintain a 
steady actin monomer pool for polymerization, while 
crosslinking and bundling proteins (e.g. filamin, 
α-actinin, fascin) help form connected actin networks. 
Capping proteins (e.g. CapZ) control filament length 
by attaching to actin filament ends and stopping fur-
ther polymerization, while severing and fragmenting 
proteins (e.g. gelsolin, severin) cut actin filaments and 
networks. All these proteins work together to coordi-
nate actin network formation and bring about leading 
edge motility in several steps, as described previously 
(such as in Figure No. 2 of Pollard 2000 [18], which 
shows the Dendritic Nucleation Model for movement 
of leading edge, or Figure No. 3 of Pollard 2003 [19]).   
Actin bundles are composed of parallel arrays of 
individual AFs that are closely packed and crosslinked 
by proteins such as fascin, fimbrin and scruin, and 
fulfill structural and sensory roles that are key to cell 
movement. Often, these actin bundles connect distal 
points of adhesion, allowing tension to be propagated 
across the cell, and enabling the cell to apply forces on 
the substrate and move. They are appropriately 
known as stress fibers, distributing forces and posi-
tively reinforcing adhesion sites [9]. In some cells, ac-
tin bundles known as filopodia may extend out be-
yond the lamellar edge, and function as chemical and 
mechanical sensors, and aid the cell in migrating 
through tissue [20,21].   
AFs also generate motility forces through inter-
actions with myosin motors. Myosin motors consist of 
a head, neck, and tail region; while some myosin mo-
tors have one head and neck, others have two. The 
head/neck region is responsible for attachment and 
force production, while the tail region is principally 
believed to be for connecting to cargo, such as other 
myosins, vesicles, or filaments. Myosin motors do 
work on actin filaments through a general three-step 
process of binding, power stroke, and unbinding Int. J. Biol. Sci. 2007, 3 
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[1,12]. This process is continuously repeated, and 
leads to the generation of a contractile force 
(acto-myosin contractile force) thought to be essential 
in pulling the bulk of the cell forward during move-
ment.  
In most cell types, the microtubules predomi-
nantly extend radially from the centrosome to the ac-
tin network at the cell periphery, with their plus ends 
towards the cell edge, and thus display a hub and 
spoke arrangement. These microtubules aid in deter-
mining the direction of cell movement [22]. 
Intermediate filaments create a fibrous network 
that spans the cell interior and connects the nucleus to 
the cell membrane, providing structural integrity to 
cells. Due to their more static properties, it has long 
been held that IFs are of little importance for cell 
movement [12], since cell movement requires the cy-
toskeleton to be dynamic and to reorganize rapidly; 
although IFs may not be critical to cell movement, re-
cent work shows IFs to be more dynamic than previ-
ously thought [23].   
2.  The Process of Cell Movement 
A cell begins to move in response to an external 
signal in its surrounding environment. This can be a 
physical, chemical, diffusible or non-diffusible signal 
that is detected by receptor proteins located on the cell 
membrane, and transmitted by them via signaling 
cascades to the cell interior [1]. A cell, such as a white 
blood cell, yeast cell or slime mold cell, is believed to 
sense the signal direction by spatially recognizing ex-
ternal gradients (receptor proteins become more con-
centrated on the side of the cell where the signal is 
present) [24]. 
Once cell movement begins, the process, which 
involves the constant restructuring of the actin cy-
toskeleton, can be divided into three stages in most 
cells (Figure 1) [25]. First, a cell propels the membrane 
forward by orienting and reorganizing (growing) the 
actin network at its leading edge. Second, it adheres to 
the substrate at the leading edge and deadheres (re-
leases) at the cell body and rear of the cell. Finally, 
contractile forces, generated largely by the action of 
the acto-myosin network, pull the cell forward.   
After sensing the signal, the cell starts moving in 
response to the signal by polymerizing actin. If the 
signal is a chemoattractant, for example, actin polym-
erizes in the region of the cell closest to the signal, 
whereas if the signal is a chemorepellant, the cell 
moves away by polymerizing actin in the opposite 
side. As the extending edge moves forward, the cell 
constantly monitors the signal direction and tailors its 
direction of motion accordingly. This signal tracking is 
beautifully demonstrated by a cell that chases an ob-
ject it attempts to engulf2 or by a cell that moves in 
                                                      
2 See movie of a neutrophil chasing a bacterium on 
http://www.biochemweb.org/fenteany/research/cell_migration/mo
vement_movies.html 
response to a chemoattractant3.  
Soon after the leading edge begins to protrude, 
adhesion molecules gathered in the extending region 
help attach the leading edge to the substrate. 
Cell-substrate attachments are created at the leading 
edge when actin bundles link the cytoskeleton to the 
substrate at certain sites via adhesion molecules (Fig-
ure 2). These attachments prevent the protruding 
leading edge from retracting. As the cell continues to 
adhere at the leading edge, it deadheres at the cell 
body and rear of the cell, possibly by the disassembly 
or contraction of its attachments (actin bundles). 
Finally, the rest of the cell is pulled forward, 
mainly by contractile forces that are produced by my-
osin motors sliding on actin filaments, which are in 
the cell body and at the rear. 
All the stages or processes described above are 
continuously running as the cell moves on the sub-
strate, with the actin cytoskeleton transitioning be-
tween a solid-like elastic material (gel) and a solu-
tion-like viscous material (sol). These transitions, 
called gel-sol transitions, are crucial for cell movement 
[26]. They are likely caused by the constant net actin 
polymerization and network assembly at the leading 
edge and depolymerization and disassembly at the 
rear of the cell. The transition of an actin network to a 
more fluid-like state may also be motor driven [27]. 
These processes lead to local changes in the elasticity 
of the cell as it moves. 
In summary, the entire process of cell movement 
is coordinated spatially as well as temporally by many 
proteins via mechanical changes in the cytoskeletal 
structure and changes in the force production centers. 
3.  The Forces of Cell Movement 
a) Polymerization Mechanics 
The first step of cell movement is protrusion of 
the leading edge. Undoubtedly, propulsion of the 
leading edge is a multi-step, complex process [18-19, 
28-33], but the basic active mechanism that is believed 
to move the leading edge is the polymerization of ac-
tin filaments towards the cell membrane. Polymeriz-
ing actin filaments alone, without any accompanying 
motors, can generate significant force to move a cell’s 
leading edge. In addition, filament-substrate adhe-
sions are required to prevent the backward movement 
of polymerizing actin filaments. How does a filament 
elongating against a load − in this case, the cell mem-
brane and external load, if any − g e n e r a t e  s u c h  a  
force?  
There are two main types of models which have 
been proposed to explain force generation by actin 
polymerization (polymerization force): ratchet mod-
els [34,35], and autocatalytic models [36,37]. 
                                                      
3 See movie 1 of dictyostelium (slime mold) cells on 
http://www.sciencemag.org/feature/data/990801.dtl [24]. The 
dictyostelium cells were exposed to a gradient in chemoattractant 
by filling a pipette with it. The pipette was then repositioned and the 
corresponding movement of the cell observed. 
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Figure 1: A schematic of the three stages of cell movement, based on [1,12]: after determining its direction of motion, the cell 
extends a protusion in this direction by actin polymerization at the leading edge. It then adheres its leading edge to the surface on 
which it is moving and de-adheres at the cell body and rear. Finally, it pulls the whole cell body forward by contracile forces gen-
erated at the cell body and rear of the cell. 
 
 
Figure 2: A schematic (based on a figure in http://www.rpi.edu/dept/bcbp/molbiochem/MBWeb/mb2/part1/actin.htm) showing 
how the cell adheres to the substrate. Cell-substrate attachments are formed when actin bundles connect to the substrate at certain 
sites via adhesion molecules such as vinculin, talin and integrin. 
 
The basic working principle of ratchet models 
c a n  b e  d e s c r i b e d  a s  f o l l o w s .  I f  t h e  m e m b r a n e  w e r e  
fixed and immovable, an actin filament would stop 
polymerizing when it bumped into it and would be 
unable to push against it or generate force. However, 
the membrane does not remain stationary but under-
goes constant Brownian motion i.e. random thermal 
fluctuation due to the membrane’s small size scale and 
relative flexibility. In addition, an actin filament is not 
a stiff, immovable rod that stops growing once it 
reaches the membrane but is an elastic filament that Int. J. Biol. Sci. 2007, 3 
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can bend in response to the load. If the bending of the 
filament away from the membrane is adequately large 
(angle > ~30°) and the filament is sufficiently long (> 
~70 nm) but without buckling, an actin monomer 
(which is 2.7 nm in size) can easily insert itself be-
tween the filament and membrane4. The lengthened 
filament can subsequently apply an elastic force on the 
membrane and push it forward. Each addition of a 
monomer “ratchets” the membrane, which implies 
that this process prohibits backward movement of the 
membrane and ensures that there is only a net for-
ward motion of the cell edge. This model, proposed to 
explain force generation by a single polymerizing ac-
tin filament, is called the Elastic Brownian Ratchet 
Model [34]. An extension of the Elastic Brownian 
Ratchet Model is the Tethered Elastic Brownian 
Ratchet Model which incorporates the transient at-
tachment of actin filaments to the surface or mem-
brane and considers two sets of filaments: working 
filaments, which are filaments that are not attached to 
the surface and can exert a force on it, and attached 
filaments, which cannot exert a force on the surface 
[35]. Attached filaments are converted to working 
filaments when they dissociate from the surface and 
working filaments are converted to non working (i.e. 
attached) filaments when they are capped. Based on 
the Dendritic-Nucleation Model and its branching 
mechanism, the Tethered Elastic Brownian Ratchet 
Model importantly assumes that new actin fila-
ments/branches are generated independent of exist-
ing branches. Under this assumption, the model at-
tempts to understand force generation from a popula-
tion of filaments in an actin network. 
Theoretical calculations, based on the above 
ratchet mechanism along with thermodynamic princi-
ples to find the energy of monomer addition to a 
polymer tip, can provide estimates for the maximum 
force generated by a single polymerizing actin fila-
ment. The maximum force that a filament can develop 
(stall force) is estimated by equating the work done to 
push a load through a distance δ to the energy re-
quired to add a monomer to the filament tip [38]. This 
is given by the thermodynamic expression Fmax = 
(kBT/ δ)ln(A*kon/koff), where kBT is thermal energy, δ 
is the size of an actin monomer, kon and koff are the as-
sociation and dissociation constants for an actin 
monomer adding to or falling off from a polymer tip, 
and A is the monomeric actin concentration [38]. If 
typical values are substituted in the above equation 
for an actin filament and for the monomeric actin 
concentration in the cell, the maximum force gener-
ated by a single actin filament is 5-7 pN [38]. Although 
this calculation is simplistic, it can be used to estimate 
the force generated at the leading edge. Aggregating 
the predicted force of ~5-7 pN across the hundreds of 
actin filaments per micron thought to exist at the 
                                                      
4 This animation on the website 
http://www.jhu.edu/cmml/movies/anim/eBRatchet2.swf illustrates 
the principle. 
  
leading edge of a cell, an estimate for the polymeriza-
tion force at the leading edge is several piconewtons 
per micron (or is on the order of nanonewtons per mi-
cron) [35] – a force large enough to tackle the mem-
brane load or resistance [35] (note that membrane re-
sistance is generated by the breaking of linkages be-
tween the actin cytoskeleton and the membrane by the 
growing actin network, and the membrane bending 
force).  
However, as noted, the force calculations with 
the ratchet models do not include the role of motor 
proteins in generating force. Based on studies in the 
bacterial pathogen Listeria and other experimental 
systems, recent work by Dickinson and others [39] 
concludes that the forces predicted by the ratchet 
models alone are not sufficient to account for the ob-
served polymerization forces in these systems. It 
shows that much larger forces can be generated by 
considering the action of motors at the tip of the actin 
filaments (end tracking motors), which can efficiently 
convert free energy into work even in the case of per-
sistently tethered filaments. 
The Autocatalytic Model also explores force gen-
eration by an actin filament and actin network. To 
understand force generation by a single filament, the 
model assumes that the load diffuses and that the 
probability of monomer addition to a polymer tip in-
cludes a Boltzmann factor [36], which is identical to 
the basis of the Elastic Brownian Ratchet Model. To 
study the problem of force generation by a network, 
two approaches have been used: a numerical ap-
proach that uses stochastic simulations of an actin 
network growing against a load, while tracking the 
positions and orientation of all actin filaments over 
time [36], and a deterministic approach that uses an 
explicit rate equation for filament orientation distribu-
tion [37]. Both approaches incorporate the main as-
sumption that new actin branches are generated from 
existing branches, which differs from the assumption 
made in the Tethered Elastic Brownian Ratchet Model. 
The transient attachment of actin filaments to the sur-
face is not considered in either approach of the Auto-
catalytic Model. The stochastic simulations are used to 
study the dependence of growth velocity on capping 
rate, load force, branching and other parameters. The 
simulations show that, for a fixed actin concentration, 
the growth velocity has an inverse linear relation with 
the capping rate and equals zero when the number of 
branches is less than 1.5 [36]. These simulations, how-
ever, could be performed only for a small parameter 
range that is computationally feasible. Hence, the de-
terministic model was developed to study a larger 
parameter range and test the generality of the previ-
ous numerical results rigorously [37]. In addition, the 
deterministic equations can be easily modified to ac-
commodate the assumption that new branches are 
generated independent of existing branches, as as-
sumed in the Tethered Elastic Brownian Ratchet 
Model. Hence by using the same basic set of equations, 
the predictions of the autocatalytic and ratchet models 
are compared in Carlsson 2003 [37].   Int. J. Biol. Sci. 2007, 3 
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One main prediction of these models (ratchet 
model and autocatalytic model) that can be used to 
compare them and experimentally test them is the re-
lation between the load (force) against which a po-
lymerizing actin filament (or network) elongates and 
the filament’s (or network’s) resultant growth velocity. 
For a single filament, the Elastic Brownian Ratchet 
Model predicts an exponential force-velocity relation 
V = Vmax exp(-f*δ/kBT) - Vdep, where Vmax is the free 
polymerization velocity, f is the load force on a single 
filament, and Vdep is the depolymerization velocity 
(see [34] for derivation). It is not surprising that the 
Autocatalytic Model also predicts the same exponen-
tial force-velocity relation as the Elastic Brownian 
Ratchet Model for a single filament, given that the 
underlying basics of both models are the same in this 
case [36]. Although the single filament force-velocity 
relation is the same, the prediction for the 
force-velocity relation for a network growing against a 
load is very different from the Tethered Elastic 
Brownian Ratchet Model and the Autocatalytic Model 
due to the following main differences in assumptions: 
a) new branches are generated independent of existing 
branches in the Tethered Elastic Brownian Ratchet 
Model, while they are generated only from existing 
branches in the Autocatalytic Model, and b) only the 
working filaments generate force (opposing the load 
force and force from attached filaments) in the Teth-
ered Elastic Brownian Ratchet Model, whereas all 
filaments generate force to oppose the load force in the 
Autocatalytic Model. The Tethered Elastic Brownian 
Ratchet Model predicts a biphasic force-velocity rela-
tion where the velocity decreases rapidly for small 
forces and decreases much more slowly for high forces 
[35]. A qualitative explanation for this predicted be-
havior from the Tethered Elastic Brownian Ratchet 
Model is that the network growth velocity depends on 
the ratio of working to attached filaments. In the 
model, the number of working filaments is independ-
ent of load, while the number of attached filaments is 
not independent of load due to the dependence of the 
dissociation rate of attached filaments on velocity. If 
the load is high and velocity is low, the dissociation 
rate decreases, leading to an increase in the number of 
attached filaments and a slow decrease in velocity [35]. 
On the other hand, the Autocatalytic Model predicts 
that the actin network growth velocity is independent 
of the applied force or load i.e. V= V0 (see [36,37] for 
details). A qualitative explanation for the insensitivity 
of the velocity to the force in this case is that if the load 
increases, the number of filaments pushing the load 
also increases proportionately, leaving the force per 
filament and the growth velocity unchanged [37]. 
When the equations of the Autocatalytic Model are 
modified to accommodate the assumption of an inde-
pendent growth of new branches, it yields a 
force-velocity relation that is qualitatively similar to 
that of the Tethered Elastic Brownian Ratchet Model 
[37]. However, the other underlying assumptions of 
the models and the reasons for arriving at the same 
result from these two network models are different 
[40]. It should also be noted that when the equations 
of the Tethered Elastic Brownian Ratchet Model are 
modified to accommodate branching as in the Auto-
catalytic Model, the analysis does not yield a 
force-velocity curve similar to that of the Autocatalytic 
Model but a biphasic result that is unchanged from 
that of the Tethered Elastic Brownian Ratchet Model 
itself [35]. This is likely due to the other differences 
between the models (point b) above as well as fila-
ment orientation (not incorporated in ratchet models) 
and branching rate (not considered explicitly in the 
Tethered Elastic Brownian Ratchet Model modified to 
accommodate autocatalytic branching [40]). The above 
results emphasize that the two models are fundamen-
tally different models for force generation by an actin 
network [40]. 
The force-velocity relations for networks from 
these two models have been tested experimentally in 
vitro. One in vitro study performed with Listeria used 
increasing amounts of methylcellulose to slow its ve-
locity and computed the corresponding viscous resis-
tive force exerted on the body in each case with the 
Stokes Equation, knowing the viscosity of methylcel-
luose, the velocity of bacterial motion and the shape 
factor of the bacterium. The analysis yielded 
force-velocity data that are quantitatively similar to 
that proposed by the Tethered Elastic Brownian 
Ratchet Model [41]. Another similar study was carried 
out in a biomimetic system (spherical polystyrene 
bead coated with WASp on which an actin gel grows 
in the presence of other purified proteins) [42]; it also 
used varying amounts of methylcellulose to slow the 
bead velocity and computed the force acting on the 
bead with the Stokes Equation. The study yielded 
force-velocity data that support the Autocatalytic 
model [42]. One reason for the different results of 
these two similar in vitro experiments may be that only 
the analysis of Wiesner and coworkers [42] incorpo-
rates the impact of methylcellulose on the 
force-velocity curve other than due to its viscosity ef-
fect alone. It is possible that this and other differing 
assumptions between the two studies lead to analyz-
ing different regimes of the force-velocity curve (see 
[40] for further explanation) and to supporting differ-
ent models. To shed further light on these models and 
the polymerization force, several other in vitro motility 
systems have also been designed (see Table 1) [43-48]. 
Neither model has been unambiguously favored as a 
result of these in vitro data. However, these studies 
still provide useful estimates of the polymerization 
forces such as the stall force of an actin filament, stall 
force of an actin comet/network, the maximum pro-
pulsive force generated by an actin network in the 
given in vitro system and the contribution of each actin 
filament to the total force measured. They also help us 
begin understanding and investigating the polymeri-
zation mechanics operating in vivo.  
In vivo, it is not easy experimentally to test the 
derived single filament or actin network force-velocity 
relationships of these models and thus discern be-
tween the ratchet and autocatalytic network models Int. J. Biol. Sci. 2007, 3 
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[37]. It is also not easy theoretically to extend these 
models to that for the actin network at the leading 
edge. Several in vivo factors such as external load and 
membrane characteristics – membrane fluctuations 
and membrane load (resistance) – crucially determine 
the lamellipodial protrusion velocity, and need to be 
considered carefully similar to the detailed analysis 
that has been performed for filopodial protrusion [53]. 
Membrane resistance is, for example, an important 
f a c t o r  t h a t  i s  p o s t u l a t e d  t o  r e s t r a i n  t h e  g r o w t h  ( p o -
lymerization) of actin filaments at the leading edge 
and to determine the protrusion velocity [54]. Experi-
mental studies have investigated the relation between 
membrane resistance and protrusion velocity by 
changing the membrane resistance in various ways 
and observing the protrusion velocity. Methods to 
change the membrane resistance include the use of 
detergents or fluorescent lipids to expand membrane 
area or an external force to stretch the membrane, all 
of which techniques reduce resistance, or the use of 
the microtubule disrupter nocodazole which contracts 
cells, or osmosis to swell cells, which techniques in-
crease resistance [55,56]. The results of all these ex-
periments clearly demonstrate an inverse relation be-
tween membrane resistance and protrusion velocity 
and estimate a membrane resistance force of ~30 
pN/μm [55]. In one modeling study, membrane resis-
tance is incorporated in a simple manner: the single 
filament force-velocity relation obtained from the 
Elastic Brownian Ratchet Model is extended to a large 
number of filaments pushing the membrane (as in the 
lamellipodium), assuming an uniform distribution of 
the membrane load (resistance) among the filaments; 
an expression for the cell’s protrusion velocity is then 
derived [54]. The velocity is shown to be inversely 
proportional to membrane resistance, in agreement 
with the experimental results. However, such 
force-velocity predictions for the protruding cell still 
need further experimental validation in vivo.  
In summary, the ratchet models [34, 35] and 
autocatalytic models [36,37] suggest likely molecular 
mechanisms of actin force generation and protrusion 
of the leading edge and discuss parameter regimes in 
which they could be applicable in vivo. Since all the 
parameters required to test the models are not yet 
available for the in vivo case, neither model has been 
either conclusively proved or ruled out in vivo, and 
their applicability to cell motility is still under inves-
tigation. Nevertheless, these models provide useful 
insights into understanding cell protrusion, since it is 
possible that the actual protrusion mechanism is a 
combination of the mechanisms advanced by both 
classes of models [37]. 
b) Adhesion Mechanics 
The leading edge of the cell protrudes as a result 
of polymerization of the actin network in concert with 
adhesion of the extending network to the underlying 
substrate via integrins and other adhesion molecules. 
The exact distribution of cell-substrate attachments, 
the force with which the protruding cell adheres to the 
underlying substrate in various cell types, and 
changes or gradients in this adhesion force within the 
leading edge as one moves perpendicularly away 
from the tip of the leading edge are still active re-
search areas. However, both the spatial distribution 
pattern of attachments and the adhesive force vary 
from cell type to cell type and are important factors 
that determine the protrusion rate and rate of translo-
cation (rate at which the bulk of the cell/ cell body 
moves) of each cell type [57,58]. The adhesions near 
the cell's leading edge are crucially required to convert 
some of the polymerization force into protrusion; the 
rest of it contributes to the flow of the actin network. 
To understand what actin flow means, consider the 
case of a neuronal growth cone [59,16]. In this case, 
due to polymerization at the leading edge, the actin 
network there is pushed forward. At the same time, 
polymerizing actin filaments flow away from the 
leading edge at a fairly constant rate, known as cen-
tripetal actin flux or actin flow [60,61].   
  In many migrating cells, such as neuronal 
growth cones, fibroblasts, and fish keratocytes, the 
actin flow is modulated in a phenomenon known as 
retrograde flow, which is an important factor that de-
termines the cell’s translocation rate via the adhesion 
mechanics, as described in the section below. The term 
retrograde flow describes the variable movement of 
actin filaments rearward with respect to the substrate, 
and generally in a direction opposite to the movement 
of the cell [62-64]. Both actin polymerization and my-
osin motors are crucial in driving retrograde flow. 
While experimental studies on fibroblasts and dic-
tyostellium have established that actin polymerization 
contributes to the generation of retrograde flow by 
providing a constant actin source and by pushing the 
lamellipodial actin network backward [65,66], the role 
of myosin motors in retrograde flow is still being 
studied as the essential myosin subtypes in many sys-
tems is unclear. Myosin motors are believed to gener-
ate retrograde flow by producing contractile cy-
toskeletal forces (inward pulling forces). Observations 
concerning myosin motors and retrograde flow in-
clude the following: myosin II motors have been re-
vealed to play an essential role in generating retro-
grade flow in fish keratocytes [67]. Mysoin IIA, my-
osin IIB, and myosin Ic have been found to contribute 
to retrograde flow in neuronal growth cones, while 
m y o s i n  I I B  a n d  V  h a v e  b e e n  f o u n d  t o  c o n t r i b u t e  t o  
growth cone spreading, highlighting the varied roles 
of myosin in growth cone movement [68-70]. Similarly, 
in fibroblasts, an important role for myosin IIA in ret-
rograde flow and cell spreading has been identified, 
but both events are unaffected by the deletion of my-
osin IIB [71]. In summary, regarding movement and 
retrograde flow, all these studies indicate that both 
polymerization and molecular motors contribute 
critically to the generation of retrograde flow [72], but 
the extent of the contribution of polymerization versus 
that of myosin motors to retrograde flow may be dif-
ferent in different cell types. Int. J. Biol. Sci. 2007, 3 
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Table 1: Magnitudes of various forces measured in vitro: 
 
 
The association between the cell translocation 
rate and retrograde flow can be explained by the exis-
tence of a molecular clutch [73,64]. The molecular 
clutch is thought to be composed of vinculin, talin and 
other adhesion complexes, and determines the extent 
to which the cytoskeleton and underlying substrate 
are linked and can interact. Through this interaction, 
the clutch controls the transmission of the cytoskeletal 
contractile forces to the substrate, and the cell’s trans-
location rate. When the clutch is engaged, there is an 
increase in the rate of translocation and a decrease in 
the retrograde flow because this tight cytoskele-
ton-substrate linkage enables an effective transmission 
of the acto-myosin contractile forces to the substrate 
via the adhesion complexes. It consequently enables 
the cell to move forward by pushing against the sub-Int. J. Biol. Sci. 2007, 3 
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strate with traction  forces. The engaged clutch also 
allows the actin polymerization force to drive the cell 
forward efficiently. In contrast, when the clutch is not 
engaged, the loose coupling between the cystoskeleton 
and substrate results in an ineffective force transmis-
sion to the substrate; in this case, instead of the cell 
being moved forward efficiently, the actin meshwork 
is pushed backwards resulting in high retrograde flow 
and a low translocation rate. Thus, if we consider that 
the “wheels” (actin filament mesh) spin at a constant 
velocity (actin flow) but sometimes stick or slip on the 
road (variable traction of focal adhesions), we begin to 
see how the “clutch hypothesis” explains observa-
tions. 
The clutch hypothesis thus predicts that slow 
moving cells (low translocation rate) have a high ret-
rograde flow and generate less traction force, while in 
fast moving cells, a smaller retrograde flow and a lar-
ger traction force are expected. However, although 
many slow moving cells have been observed to have 
high retrograde flow and a large number of adhesions, 
they are also observed to generate large traction forces, 
which is in contrast to the above prediction. To ex-
plain this observation and to understand the relation 
between cell speed, traction forces and retrograde 
flow more clearly, several further studies have been 
performed recently [64, 74-78]. One of these studies on 
fish keratocytes [64] reveals that a phenomenon, called 
adhesion raking (i.e. the raking inward of the cy-
toskeleton against the substrate), can also produce 
retrograde flow and needs to be considered. When the 
clutch is engaged and raking occurs, the traction 
forces exerted on the substrate are large, but when the 
clutch is not engaged and retrograde flow is high, the 
traction forces are small (Figure 3). Since it is likely 
that both phenomena (adhesion raking and clutch 
disengagement) occur simultaneously in the cell, their 
combined effect produces a non-linear (biphasic) rela-
tion between cell speed and adhesiveness (the relation 
between cell speed and traction force is also thus 
non-linear) [64], a result in agreement with other ex-
perimental and computational studies on fibroblasts, 
neutrophils etc. [74-78]. Thus, the study concludes that 
when the adhesion to the substrate is too strong, the 
contractile machinery cannot function effectively to 
produce retraction and cell movement, whereas when 
it is too weak, the new adhesions that develop at the 
leading edge cannot establish themselves firmly 
enough to produce cell motion [64]. Hence, for rapid 
cell movement, the adhesion force needs to be opti-
mum and retrograde flow minimum, while for slow 
movement, adhesion is below or above optimum and 
retrograde flow is high. Note that in most steady or 
smooth moving cells such as fish keratocytes, the cell’s 
translocation rate and protrusion rate are identical. 
However, cells such as neuronal growth cones exhibit 
significant stochastic fluctuations in the protrusion 
velocity  − due to variations in actin polymerization 
rates  − that occur at a much smaller timescale than 
retrograde flow [16]. 
Many of the above studies [64,75] have analyzed 
retrograde flow using fluorescence speckle micros-
copy data on the assembly and disassembly of the ac-
tin network in conjunction with computational models 
[79]. In the technique of fluorescent speckle micros-
copy (FSM), a small number of proteins subunits of a 
macromolecule (actin, in this case) are labeled, and the 
movement of these fluorescent speckles is then re-
corded5. Betz and coworkers also analyzed retrograde 
flow rates in neuronal growth cones by tracking pat-
terns in GFP-actin fluorescent growth cones [16]. All 
these studies produce accurate actin flow trajectories 
and velocities in vivo and have detected both protru-
sion of the leading edge and retrograde flow in most 
cell types, whose speeds and adhesion forces vary. 
Although the adhesion force varies among cell 
types, estimates for the adhesion force at the leading 
edge can be obtained. Experiments performed to de-
termine the adhesion force – the force required to 
break a single integrin attachment for example (see 
Figure 2 for integrin attachment) – yield a value of 
~10-30 pN per attachment [80, 52]. In a recent study 
[81], the net adhesion force has been measured by ap-
plying a counter force of fluid flow (water flow from a 
pipette) to the leading edge of a moving fish kerato-
cyte until the leading edge is locally stalled6. When the 
Navier-Stokes Equations for fluid flow are used to 
numerically estimate the force at the cell due to the 
water flow, the analysis yields the result that a force of 
only a few piconewtons causes the cell to lose adhe-
sion and stop moving forward locally. Additionally, 
the analysis reveals that the actin polymerization is 
not stopped by this low force from the water flow but 
that the nascent adhesions at the tip of the leading 
edge are disrupted. As already mentioned, the maxi-
mum polymerization force that can be generated by a 
single elongating actin filament is estimated to be 5-7 
pN. Since there are several actin filaments and integrin 
attachments per micron at the leading edge, the total 
force developed by the protruding leading edge is 
likely to be several nanonewtons. Two recent studies 
have directly measured the actin polymerization pro-
trusive force and stall  force by placing an Atomic 
Force Microscopy (AFM) cantilever tip in the path of a 
moving fish keratocyte and blocking its movement 
[7,82]. Both studies find effective lamellipodium po-
lymerization pressures of ~ 1 kPa. Brunner and co-
workers measured larger main cell body motility 
forces ranging from 34 to 85 nN [7]. These results [7,82] 
combined with those of Bohnet and coworkers [81] 
illustrate the importance of adhesion and its require-
ment for movement, since polymerization requires 
traction to produce cell movement, and must work 
synergistically and simultaneously with adhesion to 
drive motility. Various other groups have measured 
                                                      
5 These movies on 
http://www.sciencemag.org/cgi/content/full/305/5691/1782/DC1 
illustrate how FSM has been used in cells [79] 
6 See a movie of this experiment at 
http://www.biophysj.org/content/vol0/issue2006/images/data/biop
hysj.105.064600/DC1/64600_Movie1.mov Int. J. Biol. Sci. 2007, 3 
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motility forces (traction, stall forces) for a variety of 
cell types using different techniques, such as deform-
able elastic substrates (e.g. silicone membranes), force 
sensor arrays and cell traction force microscopy (see 
Relation Among Force and also recent review [83]) 
and some of these measurements are shown in Table 
2. 
Table 2: Magnitudes of various measured forces in different cells: 
 Int. J. Biol. Sci. 2007, 3 
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Figure 3: A schematic depicting two phenomena that can cause retrograde actin flow in vivo, based on [64]. Retrograde flow is 
postulated to occur either due to release of the molecular clutch and resultant slippage, as seen in Figure a) (where the yellow and 
green parts of the clutch do not fit), or due to adhesion raking as shown in Figure b) (where the clutch is engaged (yellow and green 
parts fit) but there is raking of the cytoskeleton against the substrate (blue and white parts)). 
 
 As the protruding leading edge adheres to the 
substrate, the cell also deadheres at the cell body and 
the rear. This is likely a biochemical process involving 
the disassembly of the focal adhesions [89-91]. Such a 
process is mediated by several proteins including the 
protease calpain, as well as other signals such as Src, 
FAK and PAK etc. [89-91]. The process of detachment 
is also influenced by the cytoskeletal contractile forces 
developed at the rear, and simple mechanics. When 
adhesions are no longer under the cell, they are under 
considerable strain, and eventually unbind. On the 
other hand, if the cell cannot generate sufficient forces 
to break the adhesions, these adhesion sites become 
restraints, and prevent the cell from moving forward 
further. The exact method by which each cell type de-
taches, however, can differ and depends on the 
strength and distribution pattern of the attachments 
and cell speed, and thus is a continued area of re-
search. 
 In summary, adhesion forces are a critical ingre-
dient of cell movement, mediating the generation of 
traction forces that allow the protrusion of the leading 
edge and the translocation of the rest of the cell.   
c) Translocation of Cell Body and Rear of the Cell 
or Retraction Mechanics: 
The final step of cell movement is translocation 
of the cell body and the rear of the cell. The retraction 
force required for this process is generally thought to 
be generated by the sliding of myosin motors, such as 
myosin II or Ic, on actin filaments or actin bundles in 
the cell body and rear. Since the actin filaments and 
bundles are connected to the cell membrane and the 
substrate, the force generated can be converted to 
traction forces that enable the cell to move forward. 
This idea of contraction of the acto-myosin network as 
the origin of the retraction force is based on several 
studies that have explored the role of myosin motors 
in retraction [92, 94] (note however that contractility 
does not occur only at the rear and can occur else-
where, as there is cortical tension around the cell. At 
the rear, an imbalance of contraction and adhesion 
causes the rear to be lifted). For example, one experi-
mental study has investigated the role of myosin II 
motors in retraction by knocking out myosin II in dic-
tyostelium cells [95]. The study demonstrates that, on 
adhesive surfaces, the myosin minus cells do not re-
tract as well as their normal counterparts do and move 
more slowly than them. Another study on fish kera-
tocytes shows that the inhibition of myosin contrac-
tion causes the cell body to halt, producing a lamellar 
fragment which continues forward [96]. These studies 
conclude that conventional myosins play an important 
role in the movement of the cell body and retraction of 
the trailing edge [95,96].   
Studies on the acto-myosin network also provide 
estimates for the acto-myosin contractile force; it is 
similar in magnitude to the polymerization force at 
the leading edge − on the order of thousands of pi-
conewtons since there are thousands of myosin mo-
tors at the rear, each generating ~1 pN of force [38]. 
Such a myosin generated contractile force is likely to 
be the primary contributor to the retraction force, but 
it may not be the only contributor. Other theories for 
the retraction force include transport mechanisms, 
which involve the pulling of the cell, with myosin 
motors, on oriented actin filaments that function as 
tracks [97]. Another mechanism by which the actin gel 
in some cell types can create contractile forces is by the 
process of solation (decrease in gel structure, which 
could imply disassembly of the network by the sever-
ing of filaments or breaking of crosslinks, or unbun-
dling of filaments). A solating actin gel can generate a 
contractile force of a few piconewtons per actin fila-
ment (see calculations in [38,51]).   
In order to understand the generation of a con-
tractile force by solation, and to better understand the 
retraction force in general, recent studies have been 
performed. Experiments have reconstituted retraction 
in vitro using crawling nematode sperm cells [98]. 
These cells offer an ideal system to study crawling, 
since they are simple prokaryotic cells that use major 
sperm protein (MSP) to crawl, in a similar process to 
actin-based eukaryotic cell movement; however, they 
employ MSP solely to perform the job of cell move-
ment, unlike actin which participates in several other 
functions of eukaryotic cells [99]. In particular, the 
study used vesicles – derived from the leading-edge 
membrane of nematode sperm cells – surrounded by 
cytoplasm including MSP. The researchers observed 
that the disassembly or unbundling of MSP bundles 
(in the presence of Yersinia thyrosine phosphatase 
(YOP)) attached to the vesicle caused a contraction of 
individual filaments and led to a contractile force [98]. Int. J. Biol. Sci. 2007, 3 
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Thus, they found that retraction forces can be ex-
plained by considering cytoskeletal dynamics alone 
(without considering motors), thereby suggesting an 
alternate mechanism of generating a contractile force 
at the rear of the cell. A recent model motivated by 
this data further elucidates how solely cytoskeletal 
disassembly generates the necessary force to pull the 
cell body forward [51]. A qualitative description of the 
model, which contains two steps, is the following: The 
first step involves the detachment of filaments from 
the bundle. A bundle with N filaments, each having a 
persistence length Lp, has an effective persistence 
length of N2Lp, and is thus much stiffer than an indi-
vidual filament [51]. When the filaments detach from 
the bundle (caused by YOP), its effective persistence 
length and rigidity (rigidity is directly proportional to 
Lp) decrease, leading to its contraction due to an in-
crease in entropy. The second step deals with the dis-
sociation of monomers from the filaments (depoly-
merization). Thus, this kinetic model for disassembly 
incorporating polymer entropy is able to quantify the 
retraction forces due to disassembly. However, future 
experiments are needed to ascertain the relevance and 
relative contribution (with respect to myosin gener-
ated forces, for example) of such a mechanism in gen-
erating retraction forces in vivo. 
 In summary, the retraction force, whose major 
components are believed to include cytoskeletal dis-
assembly and acto-myosin contraction, is a vital force 
required to move the bulk of the cell forward and 
complete the migration cycle. 
4.  Conclusion 
Cell motility is a complex and integrated process 
that is carefully and precisely orchestrated by the cell 
with the help of many receptor, crosslinking, bundling, 
binding, adhesion, motor and other proteins; these 
proteins serve to determine the direction of cell 
movement, and to carry out the motility events in an 
exactly timed manner. The crawling of a cell is a cy-
clical process driven primarily by actin polymeriza-
tion and acto-myosin contractility, and can be divided 
into three parts: protrusion of the leading edge, adhe-
sion of the leading edge and deadhesion at the cell 
body and rear of the cell, and cytoskeletal contraction 
to pull the cell body forward as the cell moves. 
Although the basic molecular mechanisms of cell 
movement and the associated signaling pathways are 
much clearer now than before, there are still a number 
of open questions regarding the polymerization, ad-
hesion and retraction forces and other mechanisms. 
For the polymerization force, further experimental 
studies are required to ascertain the exact role of actin 
polymerization as the main (active) force mechanism 
pushing the leading edge. It is likely that in some sys-
tems it is not the sole active mechanism pushing the 
front, similar to the case of the nematode sperm cell, 
where osmotic pressure is postulated to be the active 
force mechanism and MSP is a passive generator that 
fills the space [100]. Hence further investigations are 
required into which cellular systems actin polymeri-
zation and acto-myosin contractility are essential and 
what their relative contributions are when other force 
generating mechanisms are present in the same sys-
tem. If they are the core mechanisms, other questions 
include determining the role of motor proteins in gen-
erating the polymerization force, and testing the 
force-velocity relations further. As already mentioned, 
active research areas regarding the adhesion and re-
traction forces include the exact relation between the 
force with which the protruding cell edge adheres to 
the underlying substrate, the retrograde actin flow 
and cell speed in various cell types, and also the exact 
origin of the retraction force in vivo.  
A thorough understanding of the underlying 
mechanisms and forces of cell movement is essential 
for gaining deeper insight into several key biological 
processes such as morphogenesis, wound healing, 
neurogenesis and immune response. In addition, cell 
movement is critical in many diseases including tumor 
development and metastasis, where cells from a pri-
mary tumor move away and spread to other parts of 
the body. A better understanding of the effective 
mechanisms by which the cell generates these forces 
and how these forces operate at the microscopic scale 
may facilitate incorporating similar principles in en-
gineering various mechanisms at microscopic scales. 
Glossary 
Adhesion:  In physiological environments, cells 
often adhere to other cells or the extracellular matrix. 
This is accomplished with the help of adhesion mole-
cules such as integrins, selectins, vinculin, talin and 
others, which help mediate the interaction between 
cells and their environment.   
 (Actin)  Polymerization: Actin polymerization is 
the incorporation of monomers to an actin polymer 
that results in the elongation of an actin filament. The 
filament grows preferentially at one end called the 
plus end. The other end, called the minus end, grows 
more slowly, with the difference in growth rates be-
tween the two ends depending on the actin monomer 
concentration. 
Biopolymer: Biopolymers are polymers found in 
living organisms and are comprised of repetitive 
subunits called monomers. Actin, microtubules, in-
termediate filaments, DNA, RNA, proteins are all 
biopolymers. 
Brownian Motion and the Elastic Brownian 
Ratchet Model: Brownian motion is the random fluc-
tuation of an object due to thermal energy. It plays a 
very important role at cellular scales because an ob-
ject’s Brownian fluctuations are inversely proportional 
to its size. The Elastic Brownian Ratchet Model con-
siders the thermal fluctuation of the cell membrane 
and the elastic nature of the actin filament in order to 
explain the force generated by a polymerizing actin 
filament. 
Motor: A motor is anything capable of convert-
ing energy into work. In cell motility, myosin is a 
common molecular motor, which hydrolyzes ATP into 
ADP, and from this chemical energy does mechanical Int. J. Biol. Sci. 2007, 3 
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work on an actin filament. 
Navier-Stokes Equations: These are partial dif-
ferential equations and the fundamental equations 
that describe the flow of fluids. The equations are de-
rived by considering all the forces acting on a fluid 
particle at any time, which include viscous forces in 
the fluid as well as pressure changes inside the fluid. 
Polymerization Force: The force generated by 
actin filaments growing at the leading edge and 
pushing against the cell membrane. 
Protrusion Force: The force developed at the 
leading edge of the cell for lamellipodial movement.  
Relation Among Forces: Stalling the cell in vari-
ous ways gives estimates of the forces generated by 
the cell body, lamellipodium etc. If the entire cell/cell 
body translocation is stalled, this gives an estimate of 
the traction force, while stalling the lamellipodial pro-
trusion gives the lamellipodial protrusive force. Note 
again that the traction forces applied by the cell to the 
substrate are caused by the (largely myosin generated) 
contractile forces, but are not equal to them, as the 
contractile forces are not necessarily at their maximum 
in the direction of motion. Also, as explained using the 
molecular clutch hypothesis, the transduction from 
contraction to traction is mediated by several factors, 
such as the adhesion mechanics, as well as the cell’s 
elastic and viscous properties. Similarly, the amount 
of polymerization force that is converted and used for 
protrusion (the rest contributes to retrograde flow) 
also depends on the state of the “molecular clutch”. 
Retrograde Flow: Retrograde flow is the move-
ment of actin with respect to the substrate towards the 
center of the cell i.e. in the opposite direction of cell 
motion and with a velocity that is generally different 
than the forward protrusion velocity. Increased retro-
grade flow in a cell generally results in a reduction of 
speed, while a decreased retrograde flow generally 
results in an increase in speed, as the overall actin 
flow mechanics is seen to run at a constant speed. 
Stall Force: The force required to stall the for-
ward translocation of the cell body (whole cell stall 
force) or block the protrusion of the lamellipodium 
(which is the lamellipodial stall force/ local stall 
force).   
Traction Force: The force exerted by a moving 
cell on the substrate as the bulk of the cell (cell 
body/nucleus etc.) translocates. In other words, it is 
the force the cell generates against the substrate in or-
der to move forward, given its adhesion to the sub-
strate. Local traction forces can be quite large, but the 
net traction force may be much smaller, as the major-
ity of the forces are contractile and cancel out in vector 
summation. 
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